Nitrate-nitrogen (nitrate-N) removal rates can be increased substantially in denitrifying bioreactors with a corn (Zea mays L.) cob bed medium compared with woodchips; however, additional organic carbon (C) is released into the effluent. This laboratory column experiment was conducted to test the performance of a postbed chamber of inert plastic biofilm carrier (PBC) after corn cobs (CC) to extend the area of biofilm colonization, enhance nitrate-N removal, lower total organic C losses, and reduce nitrous oxide (N 2 O) production at warm (15.5°C) and cold (1.5°C) temperatures. Treatments were CC only and CC plus PBC in series (CC-PBC). Across the two temperatures, nitrate-N load removal was 21% greater with CC-PBC than CC, with 54 and 44% of total nitrate N load, respectively. However, total organic C concentrations and loads were not significantly different between treatments. Colonization of the PBC by denitrifiers occurred, although gene abundance at the outlet (PBC) was less than at the inlet (CC). The PBC chamber increased nitrate-N removal rate and reduced cumulative N 2 O production at 15.5°C, but not at 1.5°C. Across temperatures and treatments, N 2 O production was 0.9% of nitrate-N removed. Including an additional chamber filled with PBC downstream from the CC bioreactor provided benefits in terms nitrate-N removal but did not achieve C removal. The presence of excess C, as well as available nitrate, in the PBC chamber suggests another unidentified limiting factor for nitrate removal.
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Plastic Biofilm Carrier after Corn Cobs Reduces Nitrate Loading in Laboratory Denitrifying Bioreactors
Gary W. Feyereisen,* Laura E. Christianson, Thomas B. Moorman, Rodney T. Venterea, and Jeffrey A. Coulter B iological nitrogen (N) removal from wastewater using heterotrophic denitrification requires the presence of denitrifying bacteria, anoxic conditions, an electron donor (e.g., a C-based substrate), and a terminal electron acceptor (nitrate). In wastewater treatment for nitrate removal, moving beds packed with plastic biofilm carriers (PBCs) provide surface area for colonization and growth of denitrifying bacteria within the water matrix, and a soluble C source (e.g., methanol) is typically added to fuel the denitrification process (Tchobanoglous et al., 2003) . A denitrifying bioreactor for the treatment of nonregulated agricultural tile drainage is a simple modification of this process involving the use of a solid organic C medium (e.g., woodchips or corn [Zea mays L.] cobs [CC] ) that serves as both a colonization surface area and a C source.
Within a woodchip denitrifying bioreactor, the wood surface is important for attachment and growth of microorganisms that are involved with the release of available C and with denitrification, but there is a general consensus that wood particle size (e.g., fine vs. coarse woodchips) has little impact on overall nitrate removal (Greenan et al., 2006; van Driel et al., 2006) . This may be due to the permeable nature of these biological materials, where microsites within the media provide additional surface area for reactions. For example, Robertson (2010) observed dark rings (i.e., "dark brown reaction rims"), an indication of biological activity, extending several millimeters into woodchips after denitrification column tests.
It is well established that wood media in denitrifying bioreactors release organic nutrient loads, especially under startup conditions , which is a concern because of the role of organic C in freshwater ecology (Stanley et al., 2012) . This surplus C is unused for heterotrophic denitrification. Organic C losses in bioreactor effluent are exacerbated in bioreactors filled with agricultural residues, although these residues support greater nitrate removal rates than woodchips Feyereisen et al., 2016) . Although it is generally thought that nitrate removal is not limited by surface area of the solid organic C media, incorporation of inert material into a bioreactor for additional surface area may provide biological treatment of leached organics and enhance water treatment.
Several researchers have investigated or alluded to use of a biofilm carrier to enhance denitrification. Andersson et al. (2008) identified biofilm carriers that enhanced denitrification of municipal wastewater by providing surfaces for biofilm attachment. Other researchers have used PBCs as support media for denitrification in agricultural (Cantafio et al., 1996) and aquacultural (Saliling et al., 2007) applications using methanol as a C source. A PBC has been found to support denitrification over a range of temperatures (3-20°C) in a laboratory-scale batch reactor (Welander and Mattiasson, 2003) . Elgood et al. (2010) suggested that a polishing module consisting of inert media be added at the outlet of a bioreactor to further consume methane, which they measured in their study. Ibrahim et al. (2015) simultaneously treated N and phosphorus in columns containing cells of woodchips followed by zeolite and pea-sized gravel. To date, the use of an inert PBC downstream from a carbonaceous-bed denitrifying bioreactor to effect additional nitrate-N and aqueous C removal via denitrification has not been demonstrated.
The findings and suggestions of previous researchers concerning the potential low-temperature improvement in denitrification of a PBC (Welander and Mattiasson, 2003) and the need for a postbed polishing module (Elgood et al., 2010) contributed to the ideas tested in this study. Therefore, the study was conducted to investigate performance of a novel design wherein a noncarbonaceous, plastic medium was placed in series after an organic bioreactor medium to provide additional surface area to support denitrifying bacteria. We hypothesized that use of the plastic medium would (i) provide area for biofilm development, (ii) reduce nitrate-N load, (iii) lessen aqueous C in effluent, (iv) decrease dissolved N 2 O in effluent, and (v) improve performance at near-freezing temperatures.
Materials and Methods

Media Treatments, Bioreactor Design, and Operation
Two treatments, CC and CC-PBC, were evaluated using triplicate columns of each treatment. The CC treatment columns consisted of a chamber filled with CC media, and the CC-PBC treatment columns consisted of a chamber filled with the same CC medium but followed by an additional section of chamber containing PBC material. A synthetic water solution of relatively high nitrate-N concentration (50 mg N L −1 ), chosen to ensure that nitrate-N removal rates (NRR) were not nitrate limited, was pumped upward through the columns at a flow rate yielding a hydraulic residence time (HRT) through the CC chambers of 12 h for 130 d at 15.5°C. Drainable porosities (24 h) were determined prior to the experiment and used to calculate HRT as drainable porosity times gross chamber volume divided by flow rate. Fresh media were repacked, and the experiment was repeated at 1.5°C. The temperatures were representative of summer and spring snowmelt conditions in the US northern Corn Belt (Supplemental Fig. S1 ).
Specifically, CC were soaked in tap water, inoculated with a Waukegan silt loam soil (fine-silty over sandy or sandy-skeletal, mixed, superactive, mesic Typic Hapludolls) (Greenan et al., 2009 ) with a history of manure application, and packed in eight 400-g layers in polyvinyl chloride (PVC) columns (15.2 cm in diameter ´ 49.5 cm long)(Supplemental Fig. S2a ). To the three CC-PBC replicates, a PVC coupling was glued to the top of the column and an additional length of pipe was glued into the coupling, extending the height of the column by 25 cm (Supplemental Fig. S2b ). A PBC (Kaldnes K3, Veolia Water Technologies AB-AnoxKaldnes) was dampened with tap water, mixed with the silt loam, and packed into the column extension on top of the CC. Silt loam addition to both treatments totaled 140 ± 0.5 dry g column −1
; for CC-PBC the soil was split between the CC and PBC chambers, 126 ± 0.5 and 14 ± 0.5 dry g column ; Tchobanoglous et al., 2003) . The packed density of the media in the experiment was 0.11 g cm −3
. Initially, reverse-osmosis water was circulated to flush detritus, identify and fix leaks, and calibrate the pump. At completion of the 15.5°C run, the caps were removed, the columns were emptied, and both media were sampled for microbial analysis at the inlets and outlets of the columns. The columns were repacked with fresh materials, and the experiment was repeated at 1.5°C, after which media sampling was reperformed. After the 1.5°C experiment, for the CC-PBC treatment, CC were sampled at the outlet end of the CC chamber. Additional specifics of the experimental setup are in Feyereisen et al. (2016) . Data for the CC treatment reported in this paper were reported in Feyereisen et al. (2016) .
Sample Collection and Analyses
Water Sampling and Analysis
Water samples were collected and analyzed as described in Feyereisen et al. (2016) . Briefly, thrice-weekly samples (125 mL) were taken, acidified, stored at 4°C, and analyzed by cadmiumreduction colorimetry for nitrate-N (NO 3 -N + NO 2 -N) and by ultraviolet light and persulfate oxidation with infrared detection (EPA Methods 415.1 and 9060A) for total C (TC) and total organic C (TOC) obtained with acid pretreatment. Nitrate-N load removal was calculated as the difference in cumulative nitrate load into and out of each column for the duration of each of the temperature experiments. For each sampling date, NRR, with units of mg N m
, was calculated by dividing nitrate-N mass removal by the time between samplings and normalizing by gross volume of the CC chamber. For CC-PBC, NRR was also calculated by normalizing by the sum of gross volumes of the CC and PBC chambers (NRR CC-PBC ). Net TC and net TOC loads were calculated by summing the differences of TC and TOC mass in and mass out of each column for each sampling period.
Every 4 wk, additional water sampling was conducted for analysis of dissolved N 2 O (dN 2 O). Samples (12 mL) were collected by syringe and injected into glass 40-mL vials preserved with 0.1 mL H 2 SO 4 . The vials were equilibrated at 23°C for 1 h, and headspace gas was then transferred by syringe to 9-mL glass vials and analyzed for N 2 O by gas chromatography (Agilent/ Hewlett-Packard) (Venterea et al., 2010) . The dN 2 O was determined using Henry's Law coefficient (Sander, 2015) . Samples were collected on Days 2, 30, 49, 77, 105, and 133 at 15.5°C and on Days 14, 42, 70, 98 , and 114 at 1.5°C. The N 2 O production rate (pN 2 O) was calculated analogously to NRR. Cumulative N 2 O production (cpN 2 O) was determined by trapezoidal integration of pN 2 O versus time over a common time period (Days 14-114) at both temperatures. Cumulative N 2 O production relative to cumulative removal of nitrate-N (rN 2 O) was determined over this 100-d period and expressed as a percentage.
Molecular Analysis of Microbial Populations
Media samples were collected and frozen after each experiment. Quantitative polymerase chain reaction (qPCR) assays targeting the nosZ gene clade 1, nosZ gene clade 2, and 16S ribosomal RNA genes were performed as described in Feyereisen et al. (2016) to quantify bacteria carrying the N 2 O reductase gene. The Power Max Soil Kit (MoBio) was used to extract DNA from 2 to 5 g dry mass of PBC or CC. Each qPCR assay included standards (known quantities of target gene DNA) and negative controls. Each sample result is the mean of three qPCR reactions, expressed as gene copy number g −1 on a dry-mass basis. Preparation of standards and details of the thermocycling are described in Feyereisen et al. (2016) .
Statistical Analysis
Data were analyzed using the MIXED procedure of SAS (SAS Institute, 2011) at P £ 0.10. Temperature and treatment were considered fixed effects, and block and interactions with block were considered random effects. Blocks represent replications, since column replicates were grouped by distance from the chamber door. Sampling date was considered a categorical variable, and sampling date and position within bioreactor were considered fixed effects and repeated measurements. Time-series data were analyzed separately by temperature run (15.5 and 1.5°C) due to differences in sampling dates. Abundance of nosZ (clade 1 and clade 2) and the 16S ribosomal RNA genes, expressed as gene copies g −1 material on a dry-mass basis and as gene copies cm −3 , were logarithm base 10 transformed prior to statistical analysis to meet the assumptions of normality and common variance. Gene abundance data were subjected to a three-factor analysis of temperature, treatment, and position within bioreactor as main effects. An additional two-factor analysis of treatment and position within bioreactor (inlet vs. outlet end of CC) was conducted for gene abundance data from samples collected from the experiment conducted at 1.5°C. Means were compared with independent pairwise t-tests at P £ 0.10 using the PDIFF option of the MIXED procedure of SAS.
Results
Hydrology and Hydraulic Residence Time
The HRTs for the CC column sections were similar for the CC and CC-PBC treatments both for the 15.5 and 1.5°C experiments-11.8 and 11.5 h and 13.5 and 13.6 h, respectively (P = 0.55 and 0.95, respectively; Supplemental Table S1 ). The additional column sections containing PBC increased HRT (P = 0.006); HRTs for the entire CC-PBC columns were 24.5 and 26.6 h for the 15.5 and 1.5°C runs, respectively. Thus, HRT in the PBC chambers was similar to that in the CC chambers of the CC-PBC and CC treatments.
Nitrate-N Load Reductions, Nitrate-N Concentrations, and Nitrate Removal Rate
When averaged across temperatures, CC-PBC removed 53.7% of nitrate-N entering the columns, significantly greater load removal than the 44.5% for CC (P = 0.032, Table 1 ). Across treatments, cumulative nitrate-N load removal was greater at 15.5 than 1.5°C, 79.6 versus 18.6%, respectively (P = 0.002). The temperature ´ treatment interaction was insignificant (P = 0.21) for cumulative nitrate-N load removal. The main effect of treatment on effluent nitrate-N concentration was significantly different for the 15.5°C run, but not for the 1.5°C run (P = 0.065 and 0.170, respectively). The treatment ´ day interaction for effluent nitrate-N concentration was significant (P < 0.001, Supplemental Table  S2 ) at 15.5°C, but not at 1.5°C (P = 0.68). At 15.5°C, effluent nitrate-N concentration for CC-PBC was less than for CC on 23 of 48 dates (Fig. 1, Supplemental Table S2 ).
The NRR for CC-PBC at 15.5°C was significantly greater than for CC (P = 0.099), ranging from 30.6 to 57.8 (mean 40. ), respectively (Table 1) . At 15.5°C, NRRs for CC-PBC exceeded those for CC on 18 of 48 sampling dates (Supplemental Table S3 ). At 1.5°C, NRRs were not significantly different for CC-PBC and CC (P = 0.143), although NRRs for CC-PBC exceeded those for CC on 37 of 53 sampling dates (Supplemental Table S4 ); values ranged from 7.7 to 14.5 (mean 9.7 g N m ), respectively. The treatment ´ day interaction was significant for NRR for both 15.5 and 1.5°C (P = 0.006 and < 0.001, respectively). Nitrate removal rate based on total CC plus PBC compartment volume (NRR CC-PBC ) was greater for CC than CC-PBC at 15.5°C (P = 0.022, Table 1 ), but not at 1.5°C (P = 0.37). The treatment ´ day interaction for NRR CC-PBC was significant both at 15.5 and 1.5°C (P = 0.070 and P < 0.001, respectively). At 15.5°C, NRR CC-PBC was greater for CC than CC-PBC on 44 of 48 sampling dates (Supplemental Table S5 ), and at 1.5°C, NRR CC-PBC was greater for CC than CC-PBC on 3 of 53 sampling dates (Supplemental Table S6 ).
Carbon Loads and Concentrations
Net cumulative TC and TOC loads were not significantly different between treatments for either temperature experiment (Table  1) . Concentration of TOC was not significantly different between treatments for either temperature experiment (Fig. 2) . There was a significant treatment ´ day interaction for TC concentration at 1.5°C (P = 0.047); TC concentration was greater for CC-PBC than for CC on 2 of 53 sampling dates (Supplemental Table S7 ).
Oxidation Reduction Potential and pH
Oxidation reduction potential (ORP) was not affected by the PBC, with sampling means ranging from −89 to 225 mV and 9 to 201 mV at 15.5°C for CC and CC-PBC, respectively, and from 241 to 404 and 239 to 386 mV at 1.5°C for CC and CC-PBC, respectively. At 1.5°C, the treatment ´ day interaction was significant for ORP (P = 0.004); ORP for CC-PBC was less than for CC on 2 of 53 sampling dates. There was no significant difference in pH between treatments for either temperature experiment, nor were treatment ´ day interactions significant; pH ranged narrowly from 6.87 to 7.62 and 5.72 to 7.63 at 15.5°C for CC and CC-PBC, respectively, and from 6.82 to 7.44 and 6.81 to 7.41 at 1.5°C for CC and CC-PBC, respectively.
Gene Abundance
Mean abundance of nosZ (clade 1 and clade 2) and the 16s ribosomal RNA gene was not affected by the main effects of temperature, treatment, or inlet-outlet position (Supplemental Table S8 ). There was a significant treatment ´ position interaction for the nosZ (clade 1) gene (P = 0.016, Table 1 ). Averaged -nitrogen (nitrate-N) removal rates, nitrate-N load  reductions as a percentage of the cumulative inlet nitrate-N . Within a row, means followed by the same uppercase letter are not significantly different at P £ 0.10. Within a column, means followed by the same lowercase letter are not significantly different at P £ 0.10. # Nitrate-N removal rate based on CC chamber volume alone. † † Nitrate-N removal rate based on CC and PBC chamber volumes together. ‡ ‡ Q 10 is the multiplicative change in nitrate-N removal rate for every 10°C change in water temperature. The Q 10 values were calculated with treatment means for the warm and cold runs, not by individual columns. Thus, statistical analysis of Q 10 was not made. across temperatures, nosZ (clade 1) gene abundance for CC was greater at the outlet than the inlet and for CC-PBC was greater at the inlet than at the outlet. Additionally, nosZ (clade 1) gene abundance was greater at the outlet of the CC treatment than at the PBC outlet of the CC-PBC treatment. The two-factor analysis of gene abundance at the inlets and outlets of the CC sections of the CC and CC-PBC treatments at 1.5°C showed a significant difference for nosZ (clade 1) gene abundance averaged across inlets and outlets of the CC chambers (P = 0.09), 10.5 and 9.5 log 10 gene copy g −1 substrate, for CC-PBC and CC, respectively (Supplemental Table S8 ). The main effect of position and the substrate ´ position interaction were insignificant (P = 0.21 and 0.82, respectively).
Dissolved Nitrous Oxide
There was no significant difference in dN 2 O between treatments at either 1.5 or 15.5°C (P = 0.58 and 0.13, respectively; Supplemental Fig. S3 ). Across treatments, there were differences in dN 2 O among dates at 15.5°C (P = 0.015, Supplemental Table  S9 ), but not at 1.5°C (P = 0.14). For cpN 2 O, the temperature ´ media interaction was significant (P = 0.099). At 15.5°C, cpN 2 O was greater for CC than for CC-PBC; however, the difference was not significant at 1.5°C (Table 1) . Across media treatments, mean rN 2 O was significantly greater at 1.5 than 15.5°C, equivalent to 1.6 and 0.3% of cumulative nitrate-N removal, respectively.
Discussion
Across temperatures, the chamber of PBC in series after the CC media reduced nitrate-N load by 21% compared with CC alone. At 15.5°C, NRR was greater and effluent nitrate-N concentration was less for CC-PBC than for CC (Fig. 1) . These indications of enhanced performance were not observed at the 1.5°C temperature. The relative contributions to the additional nitrate-N load reduction of microbial activity associated with the PBC and of the additional HRT in the PBC chamber could not be differentiated within the given experimental design.
The NRRs at 15.5°C were similar to what has been reported for CC (34.6 . In this study, the NRRs at 1.5°C for both treatments were greater than those reported for woodchips at temperatures <7°C, ranging from 0.5 to 6.5 g N m −3 d −1 (Addy et al., 2016) , suggesting that the more readily available C of CC improves removal at colder temperatures (Feyereisen et al., 2016) . The temperature sensitivity of the NRR as measured by Q 10 was nominally less for CC-PBC than for CC (3.0 vs. 3.4, respectively), as the reduction in NRR from 15.5 to 1.5°C was less for CC-PBC than for CC (Table 1) . The temperature dependence of this microbiologically mediated process is substantial, and a better answer to nitrate-N removal in cold, springtime conditions is still needed.
Denitrifiers effectively colonized the PBC material (Supplemental Table S8 , Supplemental Fig. S4 ), although nosZ gene copies were never greater and were sometimes less at the outlet (PBC) of the CC-PBC treatment than at the inlet (CC). The presence of denitrifiers in the PBC chamber, with the extended residence time in the chamber, supported additional denitrification; however, the modest nitrate-N removal benefit was not associated with a corresponding reduction in aqueous C. Thus, the hypothesis that PBC would lessen aqueous C loss from the system was rejected. Additional research is also needed to address the question of limiting factor for nitrate removal, given the presence of denitrifiers, C, and available nitrate-N.
The PBC chamber was effective in reducing cpN 2 O at 15.5°C, but not at 1.5°C. As noted above, the PBC chamber also improved NRR at 15.5°C, but not at 1.5°C. Thus, conversion of nitrate to N 2 gas appeared to be positively affected by the PBC chamber at the warmer temperature. During the 15.5°C experiment, dN 2 O increased over time, indicating that the denitrification process was becoming less complete, although across treatments, rN 2 O was 0.3%. At 1.5°C, dN 2 O remained fairly stable for both treatments, and across the treatments, rN 2 O was 1.6%. Few studies have reported measured dN 2 O and rN 2 O. Warneke et al. (2011) noted an average rN 2 O of 3.3% over a temperature range of 16 to 24°C on a denitrification bed filled with a mixture of woodchips and sawdust. Moorman et al. (2010) determined that the ratio of dN 2 O to nitrate-N exported from a drain tile in which water flowed through denitrification walls was 0.6% from March to June 2004 in Iowa.
In terms of application in a field bioreactor, the PBC used in this study could be replaced by a porous, natural, and less expensive material at the outlet to provide additional processing capacity without contribution of C to the system. However, since C losses from woodchip bioreactors are less than for CC, it is speculated that benefits of the postbed chamber for a woodchip-based system would be less than seen in this study. Woodchip bioreactors have exhibited a release of C on initiation ; the results of this study suggest that a noncarbonaceous postbed chamber would not mitigate this pollution-swapping issue. Although CC (and other agricultural-based media) have shown greater N removal rates than woodchips, other considerations in using them include the greater losses of aqueous C and faster bed degradation (Greenan et al., 2006; Cameron and Schipper, 2010) .
Conclusions
Including an additional chamber filled with PBC downstream from the CC bioreactor chamber provided marginal benefits in terms of nitrate-N removal but did not achieve C removal. The PBC in the additional chamber became colonized by denitrifiers and increased the percentage nitrate-N removal, but the increase in N removal did not reduce C losses to levels that approximate organic C levels found in streams. Nitrate removal rates were increased and cpN 2 O was decreased at 15.5°C, suggesting a benefit of the PBC chamber. The addition of the PBC after the CC reaction chamber did not improve overall bioreactor performance at the lower temperature (1.5°C). Another important consideration in the use of CC as a bioreactor medium is the reduced longevity compared with woodchips. With CC-PBC, excess C was present in the PBC chamber, as well as available nitrate. Additional research is needed to identify the limiting factor for nitrate removal.
